The human pathogen group A Streptococcus (GAS) produces many secreted proteins that play important roles in GAS pathogenesis, including hydrolases that degrade proteins and nucleic acids. This study targets another kind of hydrolase, carboxylic esterase, with the objectives of identifying GAS esterase and determining whether it is a protective antigen. The putative esterase gene SPy1718 was cloned, and the recombinant protein (Sse) was prepared. Sse was detected in GAS culture supernatant, and patients with streptococcal pharyngitis seroconverted to Sse, indicating that Sse was produced in vivo and in vitro. Sse hydrolyzes p-nitrophenyl butyrate, and the residue 178 Ser is critical for this esterase activity. There are two Sse variant complexes according to the available genome databases, consistent with the previous finding of two antigenic Sse variants. Complex I includes serotypes M1, M2, M3, M5, M6, M12, and M18, whereas M4, M28, and M49 belong to complex II. Sse variants share >98% identity in amino acid sequence within each complex but have about 37% variation between the two groups. Active immunization with M1 Sse significantly protects mice against lethal subcutaneous infection with virulent M1 and M3 strains and inhibits GAS invasion of mouse skin tissue. Passive immunization with anti-Sse antiserum also significantly protects mice against subcutaneous GAS infection, indicating that the protection is mediated by Sse-specific antibodies. The results suggest that Sse plays an important role in tissue invasion and is an antigen protective in subcutaneous infection against GAS strains of more than one serotype.
The human pathogen Streptococcus pyogenes, commonly referred to as group A Streptococcus (GAS), causes a variety of diseases, including pharyngitis, cellulitis, necrotizing fasciitis, streptococcal toxic shock syndrome, scarlet fever, acute rheumatic fever, rheumatic heart disease, and glomerulonephritis. The pathogenesis of GAS infection is mediated by an abundance of virulence factors (5) , which make effective immunotherapeutic control of GAS diseases extremely difficult. Consequently, no licensed GAS vaccine is available, despite considerable efforts made in the last several decades (9) .
Many studies conducted to develop a GAS vaccine have focused on M protein, a major surface protein and virulence factor (1, 3, 4, 7, 27) . The M protein is highly variable in amino acid sequence, and more than 100 different M protein serotypes are known. Anti-M protein antibody made by patients after GAS infection is serotype specific (13, 30) , and immunization of mice with peptides derived from the variable aminoterminal region confers serotype-specific protection (1) . Multivalent M protein vaccines are being developed using fused recombinant amino-terminal peptides derived from commonly occurring M proteins to develop broader M protein aminoterminal-region-based vaccines (7) . However, these multivalent M protein vaccines will not provide immunity against infections caused by strains of all M serotypes, due to the variable nature of this protein. Thus, non-M protein vaccine candidates have been studied. Several other GAS vaccine candidates have been described previously, including C5a peptidase (15) , streptococcal pyrogenic exotoxin A (29) , streptococcal pyrogenic exotoxin B (16) , streptococcal pyrogenic exotoxin C (26) , streptococcal protective antigen (6), fibronectin-binding proteins (10, 17) , R28 protein (18) , and carbohydrate (35) . In addition, a streptococcal cell surface heme-binding protein (21) and several conserved lipoproteins (23) have been shown to induce production of antibodies with bactericidal activity in mice.
GAS produces many secreted proteins that play important roles in GAS pathogenesis. These proteins include hydrolases that degrade proteins and nucleic acids (25, 33) . Another kind of hydrolase, carboxylic esterase, has been detected in the supernatant of GAS, and convalescent-phase sera from patients with streptococcal pharyngitis have esterase-specific antibodies (11, 12, 32) . However, the esterase has not been fully characterized. The carboxylic ester hydrolases are a diverse group of enzymes that can split the carboxylic acid ester bond in carboxylic esters, triglycerides, phospholipids, and/or acetylcholine (34) and thus may play important roles in tissue invasion and nutrient utilization by bacteria.
We have been studying GAS extracellular proteins to identify novel virulence factors and vaccine candidates (20, 23) . As a continued effort in this regard, this study identifies the secreted streptococcal esterase (designated Sse) and determines whether Sse is a protective antigen. The putative esterase gene, SPy1718, of the serotype M1 genome (8) was cloned, and recombinant Sse was prepared. Sse was found to be a serine esterase, and active and passive immunizations with Sse protect mice against subcutaneous GAS infection and inhibit the invasion of the skin tissue, suggesting that Sse is involved in a 10,000 molecular-weight cutoff as described previously (19) . Samples of proteins in the cell wall and protoplast were prepared as follows. MGAS5005 grown to an OD 600 of 0.4 in 50 ml THY was harvested by centrifugation, and the bacterial pellet was resuspended in 0.45 ml phosphate-buffered saline (PBS) containing 20% sucrose and treated with 100 units of mutanolysin at 37°C overnight. The sample was then centrifuged to obtain supernatant (the cell wall fraction) and a protoplast pellet. The protoplasts were resuspended in 0.45 ml of DPBS and sonicated briefly. Loading buffer was added to the cell wall and protoplast sample to a total volume of 0.6 ml. Western blotting analysis was performed as described previously (19) .
Active immunization and challenge. Two groups of eight outbred female CD-1 Swiss mice (4 to 5 weeks old) were immunized subcutaneously with 50 g Sse and adjuvant ALUM or ALUM only (control) on days 1, 14, and 28. Sera were collected on day 40 for measurement of anti-Sse antibody titers, which were determined by enzyme-linked immunosorbent assay, as described previously (23) . On day 42, the immunized mice were subcutaneously inoculated with 1 ϫ 10 8 CFU of MGAS5005 or MGAS315 and monitored daily for 14 days to determine survival rate. The mice that could not reach for food and water were euthanized and counted as dead. These procedures and the following animal experiments were approved by the Institutional Animal Care and Use Committee at Montana State University.
Passive immunization and challenge. Groups of 10 CD-1 mice were immunized with ALUM only, Sse/ALUM, and SPy0019/ALUM as described above, and control, anti-Sse, and anti-SPy0019 sera were collected on day 50. In passive immunization, groups of 10 outbred female CD-1 Swiss mice (5 weeks old) were intraperitoneally injected with 0.5 ml pooled control, anti-Sse, or anti-SPy0019 sera, and 3 h later, 9 ϫ 10 7 CFU MGAS5005 were subcutaneously introduced into each of 8 mice in each group. The mice were monitored daily to determine the survival rate. Sera were collected from the other two mice from each group 24 h after the serum administration for titer determination.
Skin infection in hairless mice. Groups of 10 outbred, immunocompetent, and hairless female mice (strain Crl:SKH1-hrBR; Charles River Laboratories) (5 weeks old) were immunized with 50 g Sse/ALUM, 50 g MtsA/ALUM (negative protein control), or ALUM (adjuvant control) on days 1, 14, and 28. The mice were inoculated subcutaneously with 50 l of 2 ϫ 10 8 CFU MGAS5005 on day 50. The infection area in the skin was measured on day 4 after the inoculation.
Statistical analyses. The survival rates and lesion sizes were analyzed by the log rank test and two-tailed unpaired t test with Welch's correction, respectively, using GraphPad Prism (GraphPad Software, Inc.).
GAS growth in human blood. The previously described procedures (24) were followed to monitor the growth of MGAS5005 in heparinized human blood in the presence of anti-Sse mouse antisera. Three CD-1 mice were immunized with Sse/ALUM or ALUM (control) as described above. Sera were prepared from these mice. Blood from nonimmune and immune healthy individuals was collected in accordance with a protocol approved by the Institutional Review Board for the Protection of Human Subjects at Montana State University, Bozeman, MT. MGAS5005 harvested at the exponential growth phase was washed with DPBS, and ϳ1,000 CFU of MGAS5005 was incubated for 15 min with 100 l of mouse control, mouse anti-Sse, nonimmune human, or immune human serum and then mixed with 0.9 ml of nonimmune human blood. The triplicate samples were rotated end-to-end at 37°C for 4 h, and numbers of viable GAS in the samples and actual inocula were determined by plating on THY agar. Growth factor is defined as the ratio of CFU of each sample after 4 h incubation to CFU in the inoculum.
RESULTS

Sse gene and protein.
The gene SPy1718 (designated sse) of the M1 GAS genome (8) encodes a putative esterase of 328 amino acid residues. The inferred amino acid sequence contains a putative secretion signal sequence (amino acids 1 to 26). There are two distinct genetic complexes for the Sse gene according to the sequenced GAS genomes (designated complex I and complex II). Complex I includes serotypes M1, M2, M3, M5, M6, M12, and M18, whereas M4, M28, and M49 belong to complex II. Sse variants in each of the two complexes are closely related, sharing Ͼ98% identity in amino acid sequence, but complex I and complex II variants share about 63% identify in amino acid sequence (Table 1) .
To obtain recombinant Sse, the sse gene was cloned to produce six-His-tagged mature Sse (amino acids 27 to 328) of serotype M1 GAS. The recombinant Sse protein was overexpressed in E. coli and purified to apparent homogeneity ( Fig. 1) .
In vitro production. The production of Sse in vitro was assessed by Western blotting analysis. The proteins in the culture supernatant, cell wall fraction, and protoplast of GAS were probed by Western blotting analysis using anti-Sse mouse antisera. As shown in Fig. 2A , a protein band with the size of Sse in the culture supernatant reacted with anti-Sse antibody, but no Sse band was detected in the cell wall fraction and protoplast. These results indicate that Sse is produced in vitro and is a secreted protein.
In vivo production. Whether Sse was produced in vivo during infection was indirectly assessed by the presence of Ssespecific antibody in convalescent-phase sera from patients with streptococcal pharyngitis. Recombinant Sse was probed with sera from four patients and two individuals without GAS exposure by Western blotting analysis. All four patients, but not the control persons, were seroconverted to Sse (Fig. 2B) . These results indicate that Sse was produced in vivo during infection.
Esterase activity of Sse. Sse is homologous to esterase in amino acid sequence. A chromogenic assay of esterase activity using PNPB was used to determine whether Sse has esterase activity. Esterase-catalyzed hydrolysis of PNPB produces pnitrophenol with an A 410 in basic solution. Sse protein was mixed with PNPB at various concentrations, and the A 410 was monitored. The A 410 increased linearly with time in the reaction containing Sse but not in the control reaction without Sse (Fig. 3A) , indicating that Sse has esterase activity. The reaction rate increased hyperbolically with increasing PNPB (Fig. 3B) . The double-reciprocal plotting analysis of the data in Fig. 3B indicates that the reaction catalyzed by Sse follows the Michaelis-Menten equation (equation 1) or its rearranged form (equation 2)
where K m is the Michaelis constant and V max is the reaction rate when PNPB is saturated with Sse. According to the slope and intercept on the y axis in Fig. 3C and Sse concentration, the values of K m and specific enzyme activity of Sse were calculated to be 1.8 mM and 3.0 mmol s Ϫ1 mg Ϫ1 , respectively. Catalytic serine residue of Sse activity. Sse contains a GXSXG motif present in serine esterases (28) , and the Ser residue in the motif is a catalytic residue in known serine esterases, suggesting that Sse is a serine esterase. To test this idea, the Ser residue ( 178 Ser) of the GXSXG motif in Sse was replaced with Ala by using site-directed mutagenesis. The mutant recombinant protein Sse S178A was purified and tested for esterase activity using the PNPB assay. The A 410 of the reaction containing Sse S178A did not change with time (Fig. 3A) , indicating that the S178A replacement abolished the ability of Sse to catalyze the hydrolysis of PNPB. These results suggest that 178 Ser is a catalytic residue of Sse and that Sse is a serine esterase.
Immunization with Sse protects mice against M1 and M3 GAS infection. Sse is a secreted antigen and may be a protective antigen if its function is important for GAS pathogenesis. To test this possibility, groups of eight mice were immunized with 50 g Sse with ALUM or ALUM only and challenged subcutaneously with MGAS5005. The average Ϯ standard de- 4) and sera of two individuals without prior GAS exposure (lanes 5 and 6) at a serum dilution of 1:1,000.
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on August 29, 2017 by guest http://iai.asm.org/ viation geometric titer for the immunized mice was 15,300 Ϯ 5,600. Six of the 8 mice immunized survived, while 7 of the 8 control mice died (P ϭ 0.0171). The experiment was repeated, and 1 of the 8 immunized mice died, whereas 7 of the 8 control mice died (P ϭ 0.0055). The combined survival rates are shown in Fig. 4A . These results indicate that immunization with Sse significantly protected mice against the infection of soft tissue with the serotype M1 strain. M1 Sse is highly conserved in 7 of the 10 different serotypes with known genome sequences ( Table 1) . To test whether immunization with M1 Sse protects mice against infection with a heterologous GAS strain, groups of eight mice were treated with Sse/ALUM or ALUM only and inoculated subcutaneously with the virulent M3 strain MGAS315. All control mice died, with the mean time to death of 3.5 days. Although 6 of the 8 immunized mice also died, the mean time to death of these mice was 9.3 days. Thus, immunization with M1 Sse also significantly protected mice against MGAS315 infection (P Ͻ 0.0001). These data suggest that Sse may be a protective antigen in subcutaneous GAS infection against strains of more than one serotype.
Passive immunization protects mice against subcutaneous GAS infection. The observed protection could be due to nonspecific stimulation of innate immune responses. Passive immunization was used to examine this possibility. Groups of 10 CD-1 mice were administered 0.5 ml anti-Sse, anti-SPy0019, or control sera intraperitoneally and challenged subcutaneously with 2 ϫ 10 8 CFU MGAS5005. The geometric titers of anti-Sse and anti-SPy0019 in the specific antisera were 17,030 and 28,100, respectively. The average anti-Sse and anti-SPy0019 titers of two checked mice of each group passively immunized with anti-Sse and anti-SPy0019 antisera were 3,400 and 6,200, respectively, 1 day after the passive immunization. While all the mice treated with the control and anti-SPy19 sera died 3 days after the infection, 3 of the 8 mice treated with anti-Sse antisera survived, and the dead mice of the Sse group survived longer than the control groups (Fig. 5 ). Passive immunization with anti-Sse antisera significantly protected mice against the subcutaneous GAS infection (P value versus the ALUM group, 0.0004; P value versus the SPy0019 group, 0.0002). The results indicate that the protection was mediated at least partially by specific antibodies to Sse.
Anti-Sse antisera are not opsonic. To determine whether Sse elicits antibody that is bactericidal and/or opsonic, the growth of MGAS5005 in nonimmune human blood containing anti-Sse or control mouse antiserum was assessed. While GAS treated with nonimmune human serum grew well in nonim- mune human blood, GAS treated with immune human serum could not survive in human blood, indicating that the assay worked well in evaluating the bactericidal or opsonic activity of GAS antibodies. MGAS5005 grew slightly better in the presence of both anti-Sse and control sera than in the absence of the sera (Fig. 6) . Thus, anti-Sse antibody could not inhibit GAS growth in blood. These results indicate that the basis for the observed protection is not anti-Sse antibody-mediated opsonization or bactericidal activity.
Inhibition of skin tissue invasion by Sse immunization.
The results of the assessment of protection and growth in human blood suggest that Sse may play a role in skin invasion by GAS. To test the idea, immunocompetent Crl:SKH1-hrBR hairless mice were immunized with Sse, negative control MtsA, or adjuvant only and were challenged with 2 ϫ 10 8 CFU MGAS5005. The geometric titer averages Ϯ standard deviations of anti-Sse and anti-MtsA of mice checked were 18,600 Ϯ 3,200 and 25,400 Ϯ 6,400, respectively. On day 4 after the infection, 8 of 8, 7 of 8, and 6 of 8 mice treated with Sse/ ALUM, MtsA/ALUM, and ALUM were still living. On this day, the Sse/ALUM-treated mice were in the process of resolving the infection, but the mice of the other two groups had bigger spreading lesions with pus-like edges (Fig. 7A, B , and C). The areas of the lesions in the Sse/ALUM-treated mice were significantly smaller than those in the other two groups (P value versus the ALUM group, 0.0357; P value versus the MtsA group, 0.0256), while the mice of these two groups did not show significant differences in their lesion sizes (P ϭ 0.1202) (Fig. 7D) . These results suggest that Sse plays a role in invasion of the skin tissue.
DISCUSSION
We have identified a GAS-secreted antigen, Sse, as a serine esterase and found that active and passive immunizations with Sse protect mice against subcutaneous GAS infection and that the active immunization also protects mice against subcutaneous infection with a heterologous GAS strain and decreases the size of GAS-caused lesions of the skin. These results suggest that Sse is involved in the invasion of the skin tissue by GAS and is a novel antigen protective in subcutaneous infection against GAS strains of more than one serotype.
Sse catalyzes the hydrolysis of PNPB, a chromogenic substrate of esterases and lipases. The GXSXG motif of esterases is present in Sse, and the residue 178 Ser of the motif is essential for the esterase activity of Sse. Thereby, Sse is most likely a serine esterase that uses 178 Ser as a catalytic residue. The protein is present in the culture supernatant but not in the proteins released from the cell wall or protoplast, and patients with streptococcal pharyngitis produced Sse-specific antibodies. Thus, Sse is a secreted antigen, which is produced both in vitro and in vivo.
Extracellular esterase was detected in the supernatant of GAS culture several decades ago, which had two antigenic variants (11, 12, 32) . The Sse characterized in this study also has two variant complexes, which differ by about 37% in amino acid sequence. It appears that our Sse is the esterase detected previously. A BLAST search found that Sse has homologs in group B Streptococcus, Streptococcus equi, and Staphylococcus aureus. These homologs share 35 to 76% identity in amino acid sequences (Table 2 ) and have putative secretion signal sequences. Thus, these pathogens appear to secrete esterases that are similar to Sse.
One difficulty in the development of M protein-based GAS vaccines is the type-specific protection due to the variation in the N-terminal region of the M protein. Identification of a conserved protective antigen would be critical to the development of a vaccine with broad protection. Immunization of mice with Sse of serotype M1 provides significant protection against subcutaneous infection with virulent strains M1 and M3, in which Sse is highly conserved. Sse has only two variant complexes in the strains, representing 10 different serotypes. Inclusion of the two variants in a vaccine might provide protection against strains of various serotypes. We are in the process of testing this idea.
The protection conferred by the Sse immunization could be due to nonspecific stimulation of innate immune responses in the Sse/ALUM-inoculated group. The Sse immune serum, but not the sera of the adjuvant and negative protein controls, protected mice in the passive immunization and challenge experiment. These results strongly suggest that the protection FIG. 6 . The lack of a detrimental effect of anti-Sse antibody on GAS growth in nonimmune human blood. Approximately 1,000 CFU of MGAS5005 was incubated with 100 l of DPBS buffer, anti-Sse antiserum, control mouse serum, immune human serum, or nonimmune human serum at room temperature for 15 min and then combined with 0.9 ml of nonimmune human blood in triplicate. CFU of inocula and viable GAS in the samples after end-to-end rotation at 37°C for 4 h were determined by plating. The average growth factor (viable CFU/inoculum CFU) Ϯ SD of a representative one out of three experiments is presented. FIG. 5. Passive immunization with Sse immune serum protects mice against subcutaneous GAS infection. Eight 5-week-old female CD-1 mice were injected intraperitoneally with 0.5 ml of Sse-specific, SPy0019-specific, or control mouse serum, inoculated subcutaneously with 9 ϫ 10 7 CFU of MGAS5005 3 h after the serum administration, and monitored daily to determine survival rates, which are presented. Our data also suggest that Sse plays a role in the invasion of the skin tissue. Anti-Sse antisera did not inhibit the growth of GAS in nonimmune human blood. This result suggests that anti-Sse antibodies are not opsonic, which is expected since Sse is a secreted protein. In addition, it has been suggested that only the M protein is able to induce antibodies that override the resistance of GAS to phagocytosis by polymorphonuclear leukocytes (9) . Second, the result suggests that anti-Sse antibodies cannot control systemic GAS infection. GAS disseminates from the subcutis in the subcutaneous infection, resulting in systemic infection and then death. Immunization with Sse protects mice in the subcutaneous infection, supporting the idea that Sse is important for GAS to cross the skin barrier. The immunization with Sse significantly inhibits the spreading of GAS in the skin, as evidenced by the smaller lesion size in the Sse/ALUM group of the hairless mice than in the adjuvant and negative control groups, further supporting this idea.
Sse possesses esterase activity. However, the in vivo substrate(s) of Sse is(are) not known yet. The elucidation of its native target(s) would unveil the basis for the involvement of Sse in the invasion of the skin tissue and the mechanism of the anti-Sse antibodies-mediated protection. 
